RNA interference (RNAi) technology used for the functional analysis of Caenorhabditis elegans genes frequently leads to phenotypes with low penetrance or even proves completely ineffective. The methods previously developed to solve this problem were built on mutant genetic backgrounds, such as those defective for rrf-3, in which endogenous RNAi pathways are overexpressed. These mutations, however, interferes with many other genetic pathways so that the detected phenotype cannot always be clearly linked to the RNAi-exposed gene. In addition, using RNAioverexpressing mutant backgrounds requires timeconsuming genetic crossing. Here, we present an improved RNAi vector that produces specific doublestranded RNA species only, and thereby significantly stronger phenotypes than the standard gene knockdown vector. The further advantage of the new RNAi vector is that the detected phenotype can be specifically linked to the gene silenced. We also created a new all-in-one C. elegans Cas9 vector whose spacer sequence is much easier to replace. Both new vectors include a novel CRISPR/Cas9-based auto-cloning vector system rendering needless the use of restriction and ligase enzymes in generating DNA constructs. This novel, efficient RNAi and autocloning Cas9 systems can be easily adapted to any other genetic model.
INTRODUCTION
Studying the function of genes generally relies on two main methodologies, forward (from phenotype to gene) and reverse (from gene to phenotype) genetic approaches. The latter, which proceeds from the nucleotide sequence information of a gene under investigation, includes double-stranded RNA-(dsRNA) mediated gene knockdown, also called RNA interference (RNAi) or gene silencing. In the genetic model system Caenorhabditis elegans, RNAi is mainly achieved by the so-called 'feeding' method, in which Escherichia coli HT115 bacteria, a nematode food source, contain an RNAi construct that expresses dsRNA species specific to the target C. elegans gene designated for downregulation (1) . Genome-scale gene silencing studies on this organism however have indicated that a significant portion of genes cannot be silenced, that is, their downregulation causes no obvious phenotype, or if RNAi leads to a detectable phenotype, it manifests at a rather moderate penetrance and expressivity (2, 3) . This issue is particularly important because the success of genetic analysis primarily depends on the detectability of phenotypes caused by the intervention.
Some solutions have been developed to improve the efficiency of gene silencing in this organism. The most commonly used method is the application of rrf-3 (RNAdependent RNA polymerase family) mutants, in which RNAi works much more efficiently (4, 5) . The problem with this solution is that rrf-3 knockout also affects other biological functions (4) , and the method can only be used with other mutants following time-consuming crossings. Another problem with the feeding-based RNAi method is that it does not work in neurons (4) . This problem was solved by SID-1 overexpression strains capable of achieving neural RNAi (6) . However, SID-1 overexpression also causes the aforementioned problems such as interference with other genetic pathways and the need for crossing. The RNAi construct currently in general use is the plasmid named L4440, which is a nearly 20-year-old construction (1) , and no successful attempts have been made as of yet to improve it. Since L4440 vector does not contain T7 terminator sequences, the size and composition of the transcript can be greatly varied as the T7 polymerase can also transcribe the vector backbone sequence after the target gene. We assumed that if we could modify the L4440 backbone sequence with T7 terminator sequences to achieve RNAi efficacy growth, then it would be an easily adaptable method e105 Nucleic Acids Research, 2018, Vol. 46, No. 17 PAGE 2 OF 13 for the C. elegans community, since only the original L4440 vector replacement is required to use it.
The CRISPR/Cas systems are part of adaptive immune systems of prokaryotes to protect the host cell against infective DNA agents (e.g. phages) (7) . The basis for the system's operation is that the foreign DNA entering the organism is incorporated into a specific site of the genome. CRISPRs (clustered regularly interspaced short palindromic repeats) are loci in which repeating sequences include these short DNA stretches from the exogenous genome. Based on the RNA template transcribed here, the CRISPR/Cas system will later cleave the homologous foreign DNA molecules. The type II CRISPR/Cas system is comprised of a CRISPR-associated endonuclease (Cas9) that complexes with two small RNAs (crRNA and tracrRNA), which can be combined into a single guide RNA (gRNA). The gRNA directs the Cas9 nuclease to the target sequence through base pairing between gRNA and the genomic target sequence. The protein cleaves the double-stranded DNA, producing the activation of doublestrand break repair (7) . This finding created a simple twocomponent system, in which changes in the guide sequence of gRNA program Cas9 to target any DNA sequence of interest. The simplicity of CRISPR-Cas9 programming, together with a unique DNA cleaving mechanism, the capacity for multiplexed target recognition, and the existence of many natural type II CRISPR-Cas system variants, has enabled remarkable developments using this cost-effective and easy-to-use technology to precisely and efficiently target, edit, modify, regulate, and mark genomic loci of a wide array of cells and organisms (8, 9) .
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MATERIALS AND METHODS

C. elegans strains
RNA interference
Vectors used for RNAi experiments were freshly transformed into HT115 E. coli bacteria, which were grown on LB plates supplemented with ampicillin at 37
• C for overnight. Single bacterial colonies were inoculated into liquid LB media supplemented with ampicillin, and grown PAGE 3 OF 13 Nucleic Acids Research, 2018, Vol. 46 , No. 17 e105 for 6-8 hours. Cultures were seeded onto 1-day-old NGM-IPTG-Amp (nematode growth medium-isopropyl ␤-D-1-thiogalactopyranoside-ampicillin) plates, and allowed to dry for 24 h. 50-100 embryos were transferred onto each plate, and grown at 20 or 25
• C. Worms treated with dsRNA were examined at early-mid adulthood (5 days after embryos were added to the plate). Worms fed with dsRNA for mes-2, mes-3 and mes-6 were scored in the F1 generation.
Phenotype quantification
lon-2: the length of treated (by L4440-insert or T444T-insert) versus untreated (control) animals was determined. daf-16: 100-200 daf-2(e1370) mutant (dauer constitutive at 25
• C) embryos were transferred onto RNAi plates, grown at 25
• C, and determined the ratio of animals capable of developing as reproductive adults. mes-2, -3 and -6: the percentage of sterile F1 animals was determined at 20
• C. lin-1: the ratio of adult hermaphrodites displaying a multivulval phenotype was determined at 20
• C. gpc-2: the ratio of animals that were sick or arrested development during embryogenesis was determined at 20
• C. gfp: GFP intensity was quantified using ImageJ (http://rsb.info.nih.gov/ij/). Polygon selections tool was used to outline the entire animal, and quantified glowing intensity. emb-27: wild-type embryos were transferred individually to RNAi plates, and grown at 20
• C. The percentage of sterile adults was determined.
Quantification of transcript levels from worms (semi-qPCR)
Total RNA from RNAi-treated versus untreated (treated with empty vector -control) animals was extracted by TRI Reagent® (Molecular Research Center, Inc, #TR118). Remnant DNA was eliminated from the mixtures by DNase I (RNase-fee, Thermo Scientific; #AM2222) treatment. RNA quantification was performed with BioTek Epoch™ Multi-Volume Spectrophotometer System-et and Gen5 Data Analysis Software. 100 ng total RNA (from 100 to 200 ng/l stock) was used to generate cDNA by RevertAid RT Reverse Transcription Kit (Thermo Scientific, #K1691). The housekeeping gene cdc-42 was used as an internal control. The qPCR primers for lin-1 was designed to eliminate the possibility of amplifying dsRNA derived from the RNAi vector. Expression levels were determined by densitometry, by using the software ImageJ. PCR conditions were as follows: initial denaturation at 95
• C for 2 min, followed by 26, 29 and 32 cycles of denaturation at 95
• C for 30 s, annealing at 57
• C for 30 s, and extension at 72
• C for 1 min, and final extension at 72
• C for 5 min. Forward and reverse primers were as follows. cdc-42: 5 -CTT CGA CAA TTA CGC CGT CAC-3 and 5 -GAA ATT TCA GGC ACC CAT TTT-3 ; lin-1: 5 -GAC ACC TCC GAC CTC ATC ATC-3 and 5 -CGA ACT TTT TGC CGA TCA CCT TC-3 .
Quantification of transcript levels from E. coli (RT-qPCR)
To determine whether the insertion of the T7 terminator sequences actually prevents transcription of the backbone sequence in the new RNAi vector T444T, we designed primers to quantify specific and unspecific RNAs made from both vectors. In Figure 1B , primers 1 and 2 amplify the genespecific RNA sequence, primers 1 and 3 amplify the genespecific RNA sequence that contain unspecific sequences from the vector backbone. For reference gene we choose Amp (the ampicillin resistance). To obtain RNSs, we transformed L4440 and T444T vectors containing the lin-1 specific insert sequence to HT115 bacteria, and after inoculation, bacteria were grown in 10 ml LB at 37
• C till OD 600 = 0.5. After that, we induced the T7 polymerase expression with IPTG (final concentration of 400 M) for 2 h. 
Generation of T777T and 11014
T777T and 11014 vectors were generated with multiply subcloning steps and Gibson assembly, respectively. A 3.2-kb fragment from the translation start of lacZ gene was amplified from p155 pCMV-EGFP/beta-gal vector, introducing 5 HindIII 5 Cas9 target and 3 XbaI 3 Cas9 target sites, and cloned into T444T to create the vector T777T. A 2 kb long 5 fragment from the repA101-ts thermosensitive ori was amplified from pST76A ydcA vector, and a 201 bp 5 fragment from the Cas9 gRNA promoter was amplified from XXL2 vector, and cloned into 1188-araSp-p15A-Chl, which was predigested with XmaJI and XbaI to create 11014. Forward and reverse primers used for the cloning were as follows. beta-gal: 5 -GGG AAG CTT AGT CTC CGA AGG AAC GTG TCA CGG TTG ACA GCT AGC TCA GTC CTA GGT ATA ATA CTA GTG GAC TTT AAG AAG GAG ATA TAC ATA TGG TCG TTT TAC AAC GTC GTG ACT G-3 and 5 -CTA TAT CTA GAG TCT CCG AAG GAA CGT GTC ACG GAA AAA AGC ACC GAC TCG GTG CCA CTT TTT CAA GTT GAT AAG GGT TAT TAT TTT TGA CAC CAG ACC AAC TGG TAA TG-3 .
Generation of Ccas9LacZ
Ccas9LacZ was generated from the pDD162 (Peft-3::Cas9 + Empty sgRNA, Addgene no.: #47549) and T777T. A 3.2-kb fragment containing the two Cas9 target sites and lacZ gene was amplified from T777T introducing 5 AarI and 3 AarI typeIIs recognition sites and cloned into pDD162 between U6 promoter and gRNA to create the vector Ccas9LacZ. Forward and reverse primers used for the cloning were as follows: Ccas9 lacZ GF: 5 -TGT GTT GCC CCT ATA TAA ACA CCT CCT ATT GCG AGA TGT CTT GGC AGG TGG AGG TCG ACG GTA TCG ATA AGC-3 and Ccas9 lacZ GR: 5 -ACG GAC TAG CCT TAT 
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Generation of the auto-cloning vector system
Ultra-competent E. coli DH5␣ bacteria made by the Inoue method (13), containing 11 014 vector were transformed with T777T and the insert DNA. In our experience, the auto-cloning system only works with freshly prepared ultracompetent cells (up to 2 months old). A target gene specific PCR fragment was amplified from C. elegans genomic DNA, using primers containing 40 bp-long arms at their 5 end homologous to T7 promoter and terminator sequences found in T777T. 100 ng T777T vector DNA and 650 ng of insert DNA were used to achieve the 1:25 vector-insert molar ratio that worked best according to our experience. For transformation, we heat shocked cells at 42
• C for 60 s, and then placed them on ice for 2 min. 200 l cell suspension was pipetted into 4 ml LB, and the mixture was shaken at 29
• C for 5 h. Transformed cells were spread on LB plates (supplemented with chloramphenicol and ampicillin) with 40 l of X-gal (25 mg/l) then grown on those LB plates at 30
• C for 48 h. Bacteria containing the insert DNA were selected for white colony, and then grown at 37
• C to lose 11 014 helper plasmid. A step by step protocol for the autocloning system shown at the Supplementary data part A, and a more detailed description shown at the Supplementary Figure S2 .
RESULTS
Developing an enhanced RNAi vector for efficient gene knockdown in C. elegans
A major reason behind the ineffectiveness of RNAi in C. elegans may stem from the structure of the standard vector L4440, in which the target DNA fragment is inserted between two inverted T7 polymerase promoter sequences ( Figure 1A ) (1) . When T7 polymerase passes the end of the cloned nematode genomic fragment, it continues transcription and produces long, unspecific RNA fragments from the vector backbone ( Figure 1A' ) This causes the incorporation of unspecific nucleotides into dsRNA species the vector generates.
To solve this problem, we cloned two T7 transcription termination sequences into the vector L4440, adjacent to the T7 promoters ( Figure 1A " and Supplementary Figure  S3 ). These terminators prevent the incorporation of unspecific nucleotides into the dsRNA created. To test the effectiveness of T7 terminator sequences of the modified feeding vector called T444T (T denoting 'termination'), qRT-PCR experiments were performed on bacterial transcripts produced after induction to demonstrate that transcription by T7 polymerase is indeed terminated at the appropriate locations, and the expression of dsRNA from the target gene sequence is not compromised ( Figure 1B-B" ). After adjusting RNA concentrations of both samples (T444T and L4440) for the ampicillin resistance gene expression, we found that there is approximately two orders of magnitude less vector backbone sequence in the T444T target gene (lin-1; lineage defective) specific dsRNA than in the L4440 one, while there was no difference in the target gene (lin-1) specific dsRNA quantity ( Figure 1B-B" ).
Evaluating the enhanced RNAi vector efficiency
To test the effectiveness of T444T, we used it to silence selected target genes, and compared phenotypes obtained with the corresponding ones generated by using L4440 vector. The first gene we examined with the new RNAi vector was lin-1, the downregulation of which causes a characteristic Muv (multivulval) phenotype (Figure 2A, B, B' ), i.e. more than one vulvae develop in hermaphrodite animals defective for LIN-1 (14) . The silencing of lin-1 by a T444T-based construct caused a 43% increase in the number of Muv animals compared to the depletion of LIN-1 by a L4440-based construct (Figure 2A , B and Supplementary  Table S2 ). Then we examined that if the increased efficiency also holds true in an existing RNAi sensitized background like a rrf-3 mutant strain (4). We found that in a rrf-3 mutant genetic background there is even a more pronounced efficiency difference of 96% ( Figure 2B ). In this comparative analysis, both vectors contained the same insert DNA cloned from the C. elegans genome which serves as the template for lin-1-specific dsRNA production.
We also assessed the penetrance of the phenotype caused by the knockdown of lon-2 (long) gene. Animals deficient in LON-2 function display a significantly longer body size than the wild type (15) . While only 4-5% of the L4440-based RNA-treated animals displayed a Lon phenotype, roughly 30% of the T444T-based RNAi-treated ones were Lon phenotype positive (Figure 2A and Supplementary Table S2). This is a nearly six-fold increase in the manifestation of Lon phenotype in favour of the improved (T444T) RNAi vector, and this also manifested in the more significant reduction of the lon-2 mRNA levels (Supplementary Figure S4A, A') . A similar ratio of enhancement in phenotypic manifestation was observed when we silenced and compared mes-3 and mes-6 (maternal effect sterile) genes by the two RNAi systems (T444T versus L4440) ( Figure  2A and Supplementary Table S2 ). These two genes encode components of the polycomb chromatin remodelling complex, and their downregulation renders animals sterile (Ste) in the F1 generation (16) . The penetrance of the Ste phenotype was 15% and nearly 100% in nematodes treated with the L4440-and T444T-based mes-3 dsRNA, respectively (Figure 2A and Supplementary Table S2 ). Silencing of mes-6 by the T444T-based RNAi system also increased the penetrance of the Ste phenotype by six-fold, as compared with the L4440-based one, but the mRNA reduction efficiency was the same for both constructs (Supplementary Figure  S4B, B' ).
We also tested other genes for silencing efficiency, by using the improved (T444T-based) RNAi vector, including daf-16 (dauer formation defective; daf-16 mutants are unable to develop as dauer larvae even under harsh environmental conditions) (17) , mes-2 (it codes for another polycomb complex component; 18), gpc-2 (G protein, gamma subunit; 18), and gfp (green fluorescent protein) reporter (Figure 2A and Supplementary Figure S5 Supplementary Table S2. (B, C) Penetrance of phenotypes generated by L4440-versus T444T-based RNAi constructs in a rrf-3 mutant background compared to the wild-type in case of lin-1RNAi (B) and gpc-2 RNAi (C). Values were averaged over three experiments, bars indicate ±S.D., *P < 0.05; **P < 0.01; ***P < 0.001; NS: not significant; Student's t-test and chi-square. For statistics, see Supplementary  Table S2 . (B', C') The phenotype of lin-1 and gpc-2 dsRNA-treated animals, respectively. tively, and enhanced 29% the percentage of developmental arrest in the gpc-2 RNAi. We found that in a rrf-3 mutant background there is even a more pronounced efficiency difference of 44% in the gpc-2 RNAi experiments ( Figure 2C , C') but the mRNA reduction efficiency was the same for both constructs in wild-type and rrf-3 mutant background too (Supplementary Figure S6) . Depletion of GFP also strongly suppressed glowing in transgenic animals ( Figures  2A, 3A , A' and 4A-B', and Supplementary Figure S5) .
We assayed lin-1 transcript levels in treated animals, and found that lin-1 mRNA is expressed at lower levels in the T444T-based assay than in the L4440-based one ( Figure  3A , A' and B-B'). We were unable to detect significantly lower mRNA levels in the lin-1 L4440 based assay with wild-type animals (compared to control), even though we were able to detect the Muv phenotype on the same plates. This raises the possibility that dsRNA may interfere with LIN-1 translation rather than mediate transcript degradation which is a known possibility (19) . To provide evidence for this assumption, a functional LIN-1::GFP reporter (20) was assayed by using the two lin-1 RNAi constructs. Indeed, LIN-1 proteins accumulated at lower levels in the T444T-based assay than in L4440-based RNAi-treated animals, but both constructs able to lower the GFP level (Figure 3C, C' ). We also quantified the mRNA levels in the lin-1 RNAi experiments in an rrf-3 mutant background (Figure 3B, B' ). We found that in rrf-3 background there was a significant reduction in mRNA levels with both constructs, and there was no difference between the amount of this reduction in the two constructs. Thus, the T444T-based construct worked more effectively in blocking LIN-1 mRNA and protein synthesis than the L4440-based one, but in an rrf-3 mutant background there is no difference in reduced mRNA levels.
Because the ASI neurons are the sole source of DAF-7/TGF-␤ ligand in C. elegans (21) and UNC-119 (uncoordinated) is also a predominantly neuronal protein (22) , and we saw a significant GFP expression reduction in both UNC-119::GFP and DAF-7::GFP animals with RNAi treatment (Figure 4) , we wanted to investigate further the Table S4. new RNAi vector efficiency in the nervous system. Hence we placed wild-type and SID-1 overexpression strains (a strain capable of achieving neural RNAi; 6) on unc-73 RNAi and searched for the Unc phenotype. We did not find any Unc animals with either of the two vectors and strains (Supplementary Figure S2) . Therefore, we conclude that there is a small neural RNAi effect enhancement with the T444T vector compared to L4440. In summary, these data above indicate that the elimination of unspecific nucleotides from dsRNA species by the integration of T7 terminator sequences into the basic RNAi vector often markedly elevates the efficiency of gene silencing.
Developing a Cas9-based auto-cloning system
We further improved the novel RNAi cloning system by incorporating a lacZ coding region and its regulator sequences (promoter and terminator), together with two Cas9/gRNA target sites, between the two T7 promoters of T444T ( Figure 5A and Supplementary Figure S7) . The presence or absence of lacZ enables blue (empty vector) versus white (vector containing a C. elegans genomic fragment) colony selection. This vector called T777T was supplemented by a helper plasmid termed as 11014, containing an SpCas9 coding region (23), a guide RNA (gRNA) coding fragment specific to Cas9 target sites in T777T vec- Table S4. tor, and a repA101 ts replication origin sequence, enabling the vector to start replication only at 30
• C but not at 37
• C (23,24). These two vectors, together with an insert DNA fragment containing homology arms to the T777T vector, constitute an auto-cloning system that enabled the cloning of PCR-amplified C. elegans genomic fragments into T777T with homologous recombination (11), without using restriction and ligase enzymes ( Figure 5B and Supplementary Figures S2A, B) . We produced ultra-competent E. coli DH5␣ bacteria bearing 11014 (grown at 18
• C). Competent cells were transformed with T777T and a C. elegans genomic fragment (insert) used as a template for dsRNA generation. The fragment was amplified from C. elegans genomic DNA by using primers that contains 5 overhangs specific to the T777T vector (Supplementary Figure S2) . In bacterial cells containing all three factors (11014, T777T and insert DNA), Cas9 proteins cut out the lacZ coding region from T777T. Then, the insert could be integrated into the linearized T777T, between the two T7 promoters, by homologous recombination (Supplementary Figure S2A, B) . Bacteria containing the insert could be selected for white colony, and then grown at 37
• C to lose 11014 (Supplementary Figure S2C -E).
We cloned four different genes with this novel method: emb-27 (abnormal embryogenesis), glp-1 (abnormal germ line proliferation), unc-22 and daf-7. The final constructs were test digested to verify that the insert was cloned into the T777T vector. For emb-27, we also verified the successful cloning by sequencing ( Figure 5B) , and used the final construct to induce fully penetrant sterility in wild-type animals ( Figure 5C ). In case of daf-7, we made several parallel transformation experiments, counted the white-blue colony ratios, and verified white colonies by test digestion and sequencing to quantify the method efficiency ( Figure 6 ).
According to these results, not all white colonies contained good clones ( Figure 6A ). Although it is generally accepted that E. coli lacks a proper NHEJ mechanism (25), sequencing resulting in the white colonies showed that in some of the clones an incorrect DNA repair took place. The reason behind this result could be the E. coli's alternative endjoining (26) or an illegitimate recombination mechanism (27) . Although theoretically it is possible for the insert to be inserted into the vector with alternative end-joining or illegitimate recombination, it has been found that if the insert was inserted into the vector, in each case it was achieved by a mutation free, homologous recombination process ( Figure  6B ). When the alternative end-joining or illegitimate recombination took place, it resulted in the loss of the lacZ gene and Cas9 targets which resulted in white colonies ( Figure  6C ).
We also wanted to create the same auto-cloning system for a C. elegans specific Cas9 vector. The problem with the currently existing C. elegans-specific Cas9 vector is that it does not contain a typeIIs enzyme to easily change the gRNA spacer ( Figure 7A ). To change the spacer sequence, the whole Cas9 vector needs to be amplified with PCR and the desired spacer sequence can be inserted into one of the primers 5 overhangs (28) . Because this cloning method is highly inefficient, mammalian Cas9 constructs can be used with typeIIs enzymes (23) . To resolve this issue, we subcloned lacZ gene with Cas9 targets into the original C. elegans Cas9 vector (28) , and also introduced two AarI typeIIs restriction enzyme recognition sites at both ends of the vector Ccas9LacZ to enable both homologous recombination and restriction enzyme-based cloning ( Figure  7A ). Then, we cloned a spacer sequence specific for C. elegans chromosome V inside the Ccas9LacZ vector with both homologous recombination and restriction enzyme-based Figure 5 . The auto-cloning RNAi system generated in this study. (A) The system consists of (I) the modified T444T called T777T, (II) helper plasmid 11014, and (III) emb-27-specific insert DNA. T777T contains a lacZ coding sequence and its regulatory sequences, inserted between the two inverted T7 promoter sites, for selecting insert-enclosing clones, and two Cas9-specific target sites where lacZ sequence can be cut out. 11 014 contains a constitutively expressing Cas9 enzyme, a guide RNA coding sequence specific to the Cas9 target site cloned into T777T, and a repA101 ts replication origin that initiates plasmid replication at 30 • C only. The insert DNA (III) consists of sequences specific to the C. elegans gene targeted for downregulation (middle), and to T7 terminators and promoters (homology arms). Protein and RNA products including lacZ, Cas9, repA101 ts and gRNA are indicated. (B) Checking of the emb-27-specific RNAi construct generated by the auto-cloning system shown in panel A by sequencing. The fragment sequenced is indicated by a red outline. (C) Sterility of emb-27 RNAi-treated animals (animals do not lay embryos). Left panel: control (animals fed with bacteria expressing the empty T777T vector); right panel: emb-27(RNAi) animals (nematodes fed with bacteria expressing emb-27 dsRNAs from the construct T777T-emb-27). emb-27 RNAi construct was generated by the auto-cloning system shown in panel A. Sterility of treated animals exhibited full penetrance. cloning to compare the efficiency of the two cloning methods into the new vector ( Figure 7B ). We found that restriction enzyme-based cloning has a better efficiency than homologous recombination based one ( Figure 7C ). With homologous recombination-based cloning we also tried 3 different homologous sequence lengths (25, 50 and 100 bp) to determine the minimal length of usable homologous arms. We found that 25 bp long homologous arms worked best and longer homologous arms did not increase the cloning efficiency in the homologous recombination-based cloning method using Ccas9LacZ vector ( Figure 7C ).
We found some important parameters influencing recombination cloning efficiency. First, the insert:vector molar ratio of 25:1 worked best in our experiments. Second, we found that a longer incubation time (5 h) is needed to the Cas9-based auto cloning system to work because shorter incubation times result in blue colonies only. This could be because the dissociation of Cas9 from its double-stranded DNA targets after cleavage is slow (lifetime ∼6 h) (29) , and Cas9 bound to T777T vector could block homologous recombination. Third, in contrast to the previously published recombination cloning study (11), we found that our method only works with extended, ≥40 bp long homologous overhangs specific to the destination vector in case of T777T. However, the Ccas9LacZ vector worked best with 25 bp long homologous arms.
DISCUSSION
RNA interference is a method widely used to study gene function. It often offers the only opportunity to explore pleiotropic phenotypes, especially when mutant alleles are already not applicable or cause early lethality/arrest development. For example, inactivating mutations in the C. el- . The original C. elegans Cas9 vector does not include any restriction enzyme cleavage site between the U6 promoter and gRNA sequence that would allow the spacer sequence to be efficiently modified. The redesigned vector contains two Cas9 and two typeIIs restriction enzyme recognition sites next to the U6 promoter and gRNA sequences which allow the spacer sequence to be easily modified with restriction digestion coupled linker ligation and homologous recombination-based cloning too. The new vector also contains a lacZ gene that allows bluewhite selection after cloning. (B) Sequencing of two white colonies chosen by enzyme digestion. The upper clone was made by the auto-cloning system, the clone at the lower part was made with restriction digestion coupled linker ligation, and both resulted the same sequence analogous to the predicted one. (C) Efficiency of Cas9 cloning was measured by colony number analysis. In case of restriction digestion-coupled linker ligation, in one experiment (Vector+AarI) we transformed only Ccas9LacZ vector digested with AarI enzyme to normal DH5alpha competent cells, in another one (Vector + AarI + Insert) we transformed both digested Ccas9LacZ vector and linker with appropriate overhangs. In case of auto-cloning system, in one experiment we transformed only Ccas9LacZ vector to 11 014 vector-containing competent cells (Vector + Cas9), in another one we transformed both Ccas9LacZ vector and spacer sequence-containing inserts with three different homology arm length of 25, 50 and 100 bp (Vector + Cas9 + 25 bp, Vector + Cas9 + 50 bp and Vector + Cas9 + 100 bp). Blue bars indicate colonies containing non-cleaved, original T777T vectors, white bars indicate colonies with plasmids lacking the insert sequence, and bars marked with green are colonies with vectors containing the insert. Bars represent ±S.D.
egans Tor (kinase target of rapamycin) gene arrest development at the L3 larval stage, but depleting TOR from the onset of adulthood causes a long-lived phenotype of adult animals (30) . Furthermore, in the C. elegans research community, gene knockdown is often used to uncover the regulation/mechanism of complex biological processes at the genome-scale level (3) . One of the most significant limitations in using RNAi results from its effectiveness in case of many genes. Thus, there is an urgent need to develop a novel RNAi system that works more effectively than the standard one. In this study we showed an improved RNAi vector for C. elegans genetic analysis, the application of which produces significantly stronger phenotypes than standard vector ( Figure 1) . We have shown that the T7 terminator sequences inserted in the original vector backbone are able to increase the efficiency of RNAi, probably by producing specific dsRNA products only. As previously described, T7 polymerase is an extremely processive enzyme (31) continue transcription on the backbone of RNAi vector after transcribing the sequence of the target gene, thus generating a long, largely non-specific dsRNA species. It has been previously described that the efficiency of RNAi will decrease if the size of dsRNA exceeds 1000 bp (32, 33) . Indeed, we received the highest RNAi efficiency gain when the dsRNA product from the RNAi construct was smaller than 1000 bp. Since the T7 terminator sequences are transcribed, it should be noted that they are added to the length of dsRNA sequence. Previous attempts to upgrade the L4440 RNAi vector were not successful (34) . The advantage of this new RNAi vector is the ability to produce only short and specific dsRNA sequences for knockdown. T444T vector containing T7 terminator sequences differs from the original L4440 vector only in the backbone sequence, the multicloning site and ampicillin resistance however remain unchanged in comparison to the original vector, so it can be used similarly, and the existing RNAi constructs can be readily sub-cloned into it. Because of this, the new RNAi vector T444T has the potential to be generally applied by the C. elegans research community.
While in the Zinc-Finger and TALEN methods, a DNA fragment encoding a long, repetitive protein array had to be cloned to change the DNA target sequence, in case of Cas9 we only need to change the 20 bp target coding DNA sequence of gRNA (35) . The CRISPR/Cas9 endonuclease system has opened new perspectives for genomic modifications, as unlike the Zinc-Finger and TALEN methods, it can be easily reprogrammed to cleave new DNA sequences.
Despite the fact that Cas9 is an almost indispensable biotechnology tool, the currently available C. elegans Cas9 vector cannot be used as easily as mammalian vectors. The problem comes from the fact that the original C. elegans Cas9 vector does not include any cleavage site that would allow the spacer sequence to be efficiently modified (29) . To solve this issue, we redesigned the original Cas9 vector so that the spacer sequence can be modified by a restriction enzyme and homologous recombination based cloning methods.
Also, the direct use of Cas9 protein in biotechnology instead of conventional restriction enzymes is still lacking. To our knowledge, the present work is the first to use Cas9 enzyme for cloning DNA vector constructs. Restriction enzymes, together with DNA ligases, are generally used tools in gene cloning technology. However, these enzymes are rather expensive, and their application is often limited due the lack of an appropriate restriction site in the target sequence. Here we developed a Cas9/gRNA-based autocloning system that mediates the integration of DNA inserts into the destination vectors we generated, without the use of in vitro enzymatic reaction ( Figure 5 ). The system developed here uses the previously described homologous recombination cloning (11) and Cas9 systems (24) . This novel method is based on a target plasmid, T777T, which contains two highly efficient Cas9 target sequences that are cleaved by a helper vector, 11014, containing Cas9 protein and gRNA. If a PCR product with homologous sequences to the target vector is added to E. coli containing the helper and target vectors, the PCR product is integrated into the target vector with homologous recombination. The helper vector that contains Cas9 has different antibiotic resistance (chloramphenicol) and a temperature sensitive origin of replication to ensure that after a successful cloning, it can be easily selected from E. coli.
An advantage of this method is that, contrary to conventional restriction enzymes, the 20 bp long target recognition sequence of Cas9 makes any cleavage very unlikely inside the insert sequences, and besides DNA polymerase, the entire cloning process does not require another enzyme. A disadvantage of the method is that, since E. coli lacks an effective NHEJ repair mechanism, long (25-40 bp) homologous sequences should be used and, after transformation, incubation time should be increased to 5 hours. A further disadvantage is that the efficiency of the system is below the conventional restriction enzyme-based methods and the functioning of the method requires freshly prepared, ultracompetent E. coli cells, the production of which is timeconsuming. Nevertheless, we believe that this novel method has relevance for resource-poor laboratories, and that the auto-cloning system can be further adapted to any other cloning vector and organism.
